Abstract
Introduction
Ceramics are in a certain sense composite materials comprised of grains, grain boundaries, and pores. Their functions are essentially governed not only by the characteristics of their constituents but also by their microstructure. To obtain a ceramic material that has the intended dynamic characteristics or energy conversion characteristics, it is therefore necessary to finely control the microstructure of the material. In a ceramic manufacturing process, the principal processes that create and develop the microstructure in the ceramic are the forming process and the sintering process. In the sintering process, a series of phenomena occur which include the development of grains and grain boundaries, as well as the shrinking of pores; therefore, it has been a critical challenge to establish control technology that reliably achieves the targeted ceramic microstructure. However, the sintering process involves a large number of complicated parameters that mutually inf luence one another, such as the characteristics of the initial powder materials, the characteristics of the molding, the temperature field in the oven, and the sintering conditions. Therefore, it is not easy to determine the interrelationship between the microstructure formation behavior and the many associated parameters through experimentation. However, the progress in computer engineering in recent years has enabled simulation-based approaches to the aforementioned complicated phenomenon, and this has contributed to enhanced feasibility for engineering analysis of the sintering process.
To probe the feasibility of engineering analysis, the authors first simulated the neck growth behavior with two spherical grains having an identical composition, in the initial sintering stage, which is the elementary process of sintering. In this way, the authors clarified the interrelationship between the composite sintering behavior and sintering conditions where the surface diffusion, volume diffusion, grain boundary diffusion, and evaporation and condensation mechanisms are simultaneously involved (Shimosaka et al., 1995) . In a sintering process, two grain types of an identical composition are rarely used; usually, each of the two grain types used has a unique composition. The results from experimental studies on the sintering behavior with substances of dissimilar compositions have already been reported by W. A. Kaysser, F. J. Puckert, and others (Kaysser et al., 1982 , Puckert et al., 1983 . However, these studies lack evaluation of sintering speeds. The sintering behaviors of two sphere types having dissimilar compositions can vary depending on the solid solution formation status specific to each substance as well as the sintering conditions (Ueda et al., 1996) , and the two typical cases described below are observed: (1) the homogeneous solid solution type in which the sintering process progresses while a neck having a curvature is always being formed; and (2) the eutectic reaction type that is characterized by the two components having an identical eutectic point, and in which the sintering process progresses without the formation of a clearly defined neck at a temperature well below the eutectic point and that the sintering process develops at a temperature in the vicinity of and above the eutectic point with the formation of a neck having a curvature.
In this research, the authors focused their efforts on the system (1) above where a homogeneous solution is formed on the neck, and propose a novel simulation model that is an improvement over the previously reported simulation method for two spherical grains having an identical composition. Next, the authors studied the interrelationship between the simulation results and actual sintering behavior to clarify the effects of grain characteristics and sintering conditions on sintering behavior.
Simulation Method for Homogeneous Solid
Solution Type Two-Sphere Sintering Process
As shown in the phase diagram (The Japan Institute of Metals ed.; 1993) in Fig. 1 , over the entire range of compositions, the Cu-Ni two-sphere system forms a solid solution in which two dissimilar substances mutually dissolve into one another, and when subjected to a sintering process, the neck is formed between two dissimilar grains as illustrated in Fig. 2 . This neck portion is Cu-rich as illustrated in the EDX analysis results in Fig. 3 . For the previously mentioned simulation method for sintering two spherical grains having a common composition, the authors assumed that there is no mass transfer across the grain boundary across two spheres made of a common substance and therefore set the grain boundary 220 KONA at the middle of the neck. In contrast, as can be understood from the EDX photos, the grain boundary in the Cu-Ni two-sphere system that forms a solid solution has a curvature and at the same time, the demarcation between Cu and Ni is not clear. For this reason, the authors made an arrangement in which the grain boundary at the middle of neck was removed to allow the substances from both spheres to transfer to the neck to form a solid solution. Next, the authors categorized the transfer of a plurality of substances that occurs in a sintering process nto the adhesion process that does not involve sintering-triggered shrinkage and the densification process that involves shrinkage. Incidentally, if the difference in surface energy between two grains is large, mass transfer will occur, leading to the so-called "grain growth". Thus, the authors propose a novel simulation method for homogeneous solid solution type twosphere sintering behavior that incorporates the consideration for grain growth.
Adhesion Process
The authors focused their attention on the spherical grains 1 and 2 illustrated in Fig. 4(a) . In a system having a neck of a smaller curvature, and if the neck of an extremely high vacancy concentration and the grain surface of a lower concentration are present, a substance transfers along the vacancy concentration gradient on the path between the neck and the grain surface. In other words, the substance transfers from the grain surface to the neck, and, at the same time, the vacancy diffuses from the neck to the grain surface and dissipates. During this process, because the substance does not flow out from the contact area between the grains, the center-to-center dimension on the two grains does not change and no shrinkage takes place. This process that does not lead to shrinkage is regarded as the adhesion process. As a result of this process, the grain radii decrease from r 1 to r 1 ′ and from r 2 to r 2 ′, respectively. The change in the volume of grains is retained as the increase in the volume of neck. Therefore, the following equation holds: 
Wherein the curved portion of radius of curvature ρ is the neck, Yn represents the curve of neck, Ys the curve of grain, Z i is the distance from the center of two grains to a point of contact between the neck and grain surface, and the subscripts 1 and 2 represent the grain identification numbers. From the conditions according to which the neck surface smoothly comes into contact with the grain surface, the following equation is valid:
The unknowns ρ 1 , ρ 2 , Zi 1 , and Zi 2 in the equations above can be expressed by the following equations using the decreased grain radii r 1 ′ and r 2 ′, and the corresponding neck radius x:
Now, the decreased grain radii r 1 ′ and r 2 ′ have to be determined with the volume retention equation (Eq.
(1)). Since there are two unknowns, an approximation calculation is performed, that is, a value one step before is assigned to the decreased grain radii r 2 ′, and then r 1 ′ is determined by a dichotomy. Then using the so-obtained r 1 ′, r 2 ′ is also determined by a dichotomy. Incidentally, the surface area of neck S n is determined by the following equation:
Additionally, the increase in neck volume dVna/dx is determined by differentiating with the neck radius, the Vna that is defined by the third through sixth terms in the right-hand member in Eq. (1) as well as by using a dichotomy that is based on the volume retention relation (Shimosaka et al., 1995) .
The mass transfer mechanism involved in the adhesion process consists of three mechanisms, that is, the surface diffusion from the grain surface to the neck, the volume diffusion from the vicinity of grain surface to the neck, and the evaporation from the grain surface and the condensation on the neck. To evaluate the neck growth in these modes, the equation of Kuczynski (Kuczynski, 1949) is modified for evaluation of the surface diffusion mechanism and the volume diffusion mechanism, and the equation of Kingery and Berg (Kingery and Berg, 1955 ) is modified for evaluation of evaporation to develop the following neck growth equations that can be applied to two spherical grains of different diameters:
The first subscript to x · represents the site of vacancy dissipation (S: surface), the second subscript stands for the type of mass transfer mechanism (S: surface diffusion, V: volume diffusion, E: evaporation & condensation), k is a Boltzman's constant, R is a gas constant, and T is a sintering temperature in the absolute temperature scale. Also, D S means a surface diffusion coefficient; D V a volume diffusion coefficient; P 0 a vapor pressure; γ s a surface energy; d an interatomic distance; d S a thickness of the region of enhanced diffusion at the surface; M a molecular weight; ρ p a density of grain. Since the neck portion is in the form of a solid solution, the values of diffusion coefficients and surface energy were calculated from time to time in accordance with the concentration of each component (Kananovskii et al., 1975) . The neck growth speed in the adhesion process can be determined by substituting the so-determined values in the neck growth
speed equations Eqs. (11) through (14).
Densification Process
A substance is transferred along the vacancy concentration gradient from the neck (having a higher vacancy concentration) to the boundary and inside of grain (having a lower vacancy concentration). In other words, a substance migrates from the grain-tograin contact area and inside the grains to the neck surface, and the vacancy diffuses from the neck surface to the grain-to-grain contact area and dissipates. As a result, the center-to-center dimension of the two grains decreases and shrinkage occurs (Fig. 4(b) ). This shrinking phenomenon is referred to as the densification process. The change in the volume of grains is retained as the increase in the volume of the neck. Therefore, the following equation holds:
Additionally, as in the case of the adhesion process, the relation expressed by the following equations exists:
The unknowns ρ 1 , ρ 2 , Zi 1 , and Zi 2 in the equations above can be expressed by the following equations as the function of the decrease in center-to-center dimension between two grains ∆ L 1 and ∆ L 2 and the corresponding neck radius:
The ∆ L 1 and ∆ L 2 in these equations can be determined by a dichotomy with Eq. (15). That is, in a manner identical to a one used to determine r 1 ′ and r 2 ′, a value one step before is assigned to ∆ L 2 to determine ∆ L 1 , and then ∆ L 2 is determined using the soobtained ∆ L 1 . Next, the increase in neck volume dVnd/dx resulting from the densification process is determined by the previously mentioned method.
The mass transfer mechanism involved in the densification process consists of two mechanisms, that is, the grain boundary diffusion and the volume diffusion from the grain boundary to the neck surface. To evaluate the phenomenon resulting from these mechanisms, the equation of Johnson (Johnson, 1968 ) is modified to develop the following equations:
The first subscript to x · represents the site of vacancy dissipation (G: grain boundary), the second subscript stands for the type of mass transfer mechanism (G: grain boundary diffusion, V: volume diffusion), D B and d B respectively represent the grain boundary diffusion coefficient and the thickness of the region of enhanced diffusion at the grain-boundary. The neck growth speed in the densification process can be πγ sδ
Ys 2 (Z )
Cu Ni determined by substituting the so-determined values in each neck growth speed equation.
Grain Growth Process
Regarding two spherical grains having dissimilar compositions, the grain growth develops utilizing the difference in surface energy between both grains as a driving force. For this reason, the grain growth equation for grains of a common composition, which is based on the free energy theory proposed by Tanaka et al. (Tanaka, 1996 (Tanaka, , 1997 , is extended to generate an equation that can be applied to two spherical grains having dissimilar compositions.
Let us consider two spherical grains for which the grain-to-grain distance and the grain radii change as a time elapses (Fig. 4(c) ). Though the area of the grain boundary does not change in the grain growth process, the mass transfer occurs from the Ni grain (having a greater surface energy) to the Cu grain (having a smaller surface energy) through the grain boundary. Let us first consider the Cu grain. The resultant change in the volume of Cu grain leads to the change in r 1 , ρ 1 , Zi 1 and ∆ L 1 . With this model, as was the case of the previously mentioned densification process, the volume of overlap between the two grains is retained as it is included in the volume of neck; therefore the equation below holds:
Also, similar to the case of the previously mentioned two processes, the relation expressed by the follow-4 3 ing equations exists:
The unknowns r 1 ′′, Zi 1 and ∆ L 1 are determined by a dichotomy. Then, the r 2 ′′, Zi 2 and ∆ L 2 for the Ni grain are likewise determined. The energy that promotes the growth of Cu grain is defined as the difference in energy ∆f 1 between the Cu grain and entire system, and is converted to a value per mole and expressed by the equation below:
At the same time, the mass transfer of the Ni grain (having a greater surface energy) is promoted by the difference in energy ∆f 2 between the Ni grain and entire system, thereby the Ni grain shrinks:
Wherein ζ M stands for molecular volume, γ gb represents interface (grain boundary) energy, S is the surface area of the grain, and Sgb indicates the area of the grain boundary. Therefore, the free energy ∆G g for promoting the grain growth of the system can be expressed by the equation below as the sum of ∆f 1 and ∆f 2 :
Based on the reaction speed theory (Tanaka, 1996 (Tanaka, , 1997 , the transfer speed of substance dν 1 /dt can be expressed as: 
The transfer speed of substance dν 1 /dt subjected to the above-mentioned grain growth model is defined as:
Based on Eqs. (31) through (35), the grain growth rate dr 1 ′′/dt is defined as follows:
Likewise, the growth rate of Ni grain is defined as follows:
In these equations, it is assumed that R r2 ҃r 2 ′′/r 2 and H 2 ҃(r 2 ′′Ҁ∆ L 2 )/r 2 ′′. Since being a diffusion coefficient for a grain growth process, the effective diffusion coefficient D Z is superseded with the grain growth diffusion efficient D GG . Since Cu and Ni are mutually diffused in the grain boundary area, the self-diffusion coefficient in 
[Calculation for simulation]
In the actual sintering operation, three processes Ҁ adhesion, densification and grain growth Ҁ simultaneously take place. Accordingly, in the authors' simu-
lation, the calculation for these three processes is performed as described below. First, the constants and sintering conditions are set up, and then the diffusion coefficient used for simulation of each process is determined by the equation below:
Wherein Q stands for the activation energy of self-diffusion and D 0 represents the frequency factor. However, the sequence in procedure may vary as needed. For example, first the above-mentioned neck growth rate x · a in the adhesion process is determined, and then the neck radius x a (iѿ1) in the adhesion process in the time span of t҃tѿ∆t is calculated using a discrete time ∆t҃1҂10
Ҁ8 s:
Then, the so-obtained neck radius value x a (iѿ1) as well as the grain radii r 1 ′ and r 2 ′ are used for the calculation for the densification process to determine the neck radius at the time t in the adhesion process:
Next, using the so-obtained r 1 ′, r 2 ′ and x d (iѿ1), the grain radii that vary during the grain growth process are calculated from the grain growth rate r · at the time t:
The so-determined neck radius and grain radii are taken as the neck radius x a (i ) and grain radii r 1 (i ) and r 2 (i ) for the adhesion process in the next step (i҃iѿ1). By repeating the above-mentioned calculation at intervals of ∆t, the time-dependent change of the neck growth and grain shape during the twosphere sintering process can be calculated. Incidentally, a value 10 Ҁ4 as large as the grain radius was used as the initial value for neck radius, and the discrete time was allowed to vary in accordance with the neck growth time (sintering time) to enable simulation for a long time period. As mentioned above, since the authors' simulation method is based on the consecutive calculation operation at intervals of ∆t, it is possible to estimate the sintering behavior for the entire sintering process including the heating period, isothermal period, and cooling-off period that match the test conditions. The constants (Ashby, 1974; Wazzan, 1965) and conditions used for the simulation are listed in Table 2 . 
Experimental Equipment and Methodology
The fine powders used as samples were Cu and Ni powders (each featuring purity of 99.999% or higher) whose grain diameter was adjusted to a range of 850 to 710 µm. A 1000 µm wide slot was formed on a stainless steel plate (SUS 304) that was used as a sintering stage, and Cu grains and Ni grains were alternately placed in a single line within this slot to bring Cu grains in contact with Ni grains. The sample grains were sintered in an Ar atmosphere at a predetermined heating rate (200 to 600 K/h) and a sintering temperature (1308, 1313, 1338K) for an isothermal period (1 to 1000 min), and then allowed to cool in an air atmosphere.
An entire image, including the two sintered grains as well as the neck formed between the grains, was photographed with a scanning electron microscope (SEM), and then the diameters of the sintered grains and neck were measured. The form of the sample grains used was not a true sphere. Therefore, the grain diameter was determined as follows. First, the photographic image obtained with the SEM was transferred to a computer, and the coordinates on the contours around the grain-to-grain contact area were read using image analysis software (NIH Image 1.55 (fpu)). Next, based on the resultant coordinates, a circle was drawn, and the diameter of a sphere having the radius of curvature of that circle was taken as the grain diameter. Furthermore, to examine the diffusion status of constituents in the neck, that is, of Cu and Ni atoms, the two sintered spherical grains embedded in an acrylic resin were cut along a plane that included the centers of the two grains, the cut face was polished, and then the elements in the neck were analyzed with an energy-dispersive X-ray system (EDX).
Results and Discussion

Reliability of Authors' Simulation Method
In the initial stage of sintering with Cu and Ni grains, the sintering progresses while a well-defined neck is being formed between the Cu and Ni grains as shown in Fig. 2 growth, the results of estimation about the effect of sintering periods according to the authors proposed simulation method, as well as the effects of the heating rate on the neck growth. The curvature radius at around the contact area between two sintered spherical grains was in the range of 600 to 350 µm. Therefore, in the calculation for simulation, the neck radii for the maximum radius (600 µm) and minimum radius (350 µm) were determined and are shown in Figs. 5 and 6. The measurement values obtained from the experiment varied somewhat because the crystal orientation of the grain boundary varied among the grain-to-grain pairs tested and tended to be somewhat greater than the calculated values. The model grains applied to the calculation for simulation were true spheres and had smooth surfaces, whereas the grains used in the experiment were not true spheres and had uneven surfaces, as illustrated in Fig. 2 . In particular, surface unevenness with a smaller curvature promotes mass transfer, possibly leading to a greater neck radius. A slight difference between the measurement values obtained from the experiment and the calculated values appears to have resulted from this surface unevenness and the fact that the grains were not true spheres. Incidentally, it has been empirically known that since the total energy applied in the sintering process tends to be greater, a longer isothermal period at a sintering temperature and/or a smaller heating rate promote neck growth (Chu et al., 1991) . The results of the authors' simulation match these facts about neck growth behavior.
The element analysis results on the neck by EDX illustrated in Fig. 3 show that the neck is virtually composed of Cu atoms alone. Fig. 7 provides examples of calculations for neck volumes and Cu atom volumes in the neck at various points in time during the sintering process. From this diagram, it is apparent that as was the case with element analysis by EDX, the results of calculation also show that the neck is virtually composed Cu atoms alone at any condition.
As discussed above, the simulation results from the initial stage of sintering behavior with two grains of dissimilar components clearly illustrate the sintering behavior that progresses while forming a homogeneous solid solution in the neck. Therefore, it is apparently possible that the authors' simulation method can be used to investigate to the interrelation between sintering behavior and sintering conditions. 
Influence of Sintering Conditions on Sintering Behavior
The knowledge about the interrelationship between the mechanism of transfer of atoms and molecules to the neck between sintered grains and the sintering conditions is extremely important in controlling the microstructure of a ceramic material. The simulation for sintering behavior enables microscopic observation of neck growth behavior, making it possible to obtain detailed information about sintering conditions. Fig. 8 summarizes the neck growth rates at various points in time during the sintering process that are estimated for each mass transfer mechanism. When a sintering process starts, the grain boundary diffusion quickly begins and the neck starts to grow. Next, as the temperature increases, the surface diffusion becomes active, and the volume diffusion also becomes active at the grain boundary. In solid solution type sintering where a clearly defined neck is formed, the associated substances transfer by the corresponding transfer mechanisms, but the dominant mechanism is determined by the sintering conditions. Because of disturbances in the atomic arrangement in the grain boundary and surface, the diffusion coefficient values in these areas are greater when compared with the values associated with volume diffusion (this phenomenon is known as "rapid diffusion"). Also, compared with a grain boundary coefficient of a higher activation energy and a higher frequency factor, a grain boundary coefficient of a lower activation energy and a lower frequency factor features a greater value at a lower temperature range but its change associated with temperature increase is relatively slow. Furthermore, when a solid solution is formed in the neck, the surface diffusion actively progresses even at a lower temperature range owing to the mutual surface diffusion that results from the change in concentration of the solid solution. Based on these facts, it appears that grain boundary diffusion is dominant immediately after the start of sintering, and then as the temperature increases, mass transfer due to surface diffusion becomes particularly active. The factors that promote the densification of ceramic materials include grain boundary diffusion, and volume diffusion at the grain boundary. When the isometric period at the heating temperature starts after the heating period, the mass transfer mechanism is dominated by the surface diffusion that is disadvantageous in terms of densification. As a result, the microstructure formed is greatly inf luenced by the heating rate in sintering, the sintering temperature, and the duration of the isothermal period at the heating temperature. Therefore, the authors would like to discuss the interrelationship between these sintering conditions and sintering behavior.
The results of investigation into the effects of heating rate, isothermal period, and sintering temperature on the densification and grain growth are summarized in Figs. 9 through 11, respectively. Fig. 9 shows the heating process alone where the effect of change in heating rate is illustrated with the sintering temperature and isothermal period where the sintering temperature is kept unchanged. With any heating rate, the shrinkage on the center-to-center dimension on the two grains greatly increases once the temperature of the grains reaches 800K. A lower heating rate contributes to greater shrinkage, thereby positively promoting densification. When the grain temperature reaches 1200K, a non-negligible grain growth occurs during heating even in the initial stage of sintering, and the volume of grain growth is greater at a lower heating rate. Fig. 10 graphically illustrates the results of investigation into the effects of the isothermal period. A longer isothermal period contributes to the promotion of densification due to the volume diffusion from the grain boundary. At the same time, the grain growth is also rapidly promoted because of the neck growth. The proportion of densification during the cooling-off period is small, but the grain growth occurs at a non-negligible scale. tering temperature is illustrated in Fig. 11 . The densification and grain growth are promoted as the sintering temperature increases. At a lower sintering temperature, the proportion of mass transfer owing to the surface diffusion during the isothermal period is small compared with that owing to the grain boundary diffusion. However, at the same time, the volume diffusion at the grain boundary is inhibited, resulting in inhibition of the densification of grain in spite of limited grain growth. As summarized above, it has been found that depending on the sintering conditions, the grain growth in the initial stage of the sintering process cannot be neglected, and that the densification in the sintering process is promoted at a lower heating rate, with a longer isothermal period and a higher sintering temperature. However, excessive promotion of grain growth will lead to unevenness of the microstructure. Therefore, to be able to promote the densification while inhibiting the grain growth, a relevant group of conditions must be set for the sintering of Cu and Ni. Therefore, the authors have investigated into the heating process that greatly inf luences the sintering behavior in the initial stage, as well as the conditions for the heating rate and sintering temperature. The results obtained are graphically illustrated in Fig. 12 , where the values represent the grain growth-to-densification ratio (∆ L -҂x -/ν -), wherein ∆ L -represents a normalized shrinkage of distance; ν -normalized volume of grain growth; and x -a normalized neck radius. The normalization for this purpose was performed based on the following assumptions: a shrinkage of distance results from the densification process alone where the two grains were sintered to a neck radius of 0.3 r; at a heating rate of 1000 K/h. From this diagram, it should be understood that there is a range of sintering temperature effective for a heating rate, and that a higher heating rate results in a smaller sintering temperature range effective for the densification. Thus, the authors have been able to determine the optimal sintering conditions for the initial stage of sintering.
Conclusion
As a first step in engineering analysis for the sintering process that most greatly inf luences microstructure formation in ceramic manufacturing processes, the authors have performed a computer-aided simulation of the sintering behavior of two spherical grains having dissimilar compositions.
When the two spherical grains have dissimilar compositions, their sintering behavior can vary greatly depending on the characteristics of initial powder materials as well as the process parameters, including the sintering conditions. Therefore, an estimation model for each sintering behavior must be established. For this reason, in the authors' research, an experiment with the most rudimental two-grain sintering was first performed using a homogeneous solid solution type Cu-Ni system whose physical properties and characteristics values are well known, as a system that involves two grain types having dissimilar compositions. Next, the authors proposed a simulation model that can accommodate the sintering behavior learned through the results of experiments, and performed a computer-aided simulation with this model. As a result of verification of the reliability of the proposed simulation method based on the abovementioned results of experiments, the calculated value of neck growth volume closely matched the results of simulation. Based on these simulation results, the authors investigated into the sintering conditions, that is, the heating rate, sintering temperature, and isothermal period, and as a result learned that the grain growth, which previously had been considered not to occur during the initial stage of sintering, should not be neglected depending on the sintering conditions, and that the densification and grain growth are highly responsive to sintering conditions. Furthermore, the authors investigated the effect of the combination of heating rate and sintering temperature on densification and grain growth. The results of this investigation helped obtain the optimal design for the sintering conditions of the initial sintering process. The authors' research will constitute a first step for simulation activities in the near future that cover the entire continuous process for a multigrain system, from the initial stage to the intermediate stage and the final sintering process.
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